a Cells in the body collectively sustain mechanical deformations in almost all physiological functions. From the morphogenesis stage, cells' ability to sustain stress is essential for the body's well-being. Several pathologies have been associated with abnormal mechanical properties, thus suggesting the Young's modulus as a biomarker to diagnose diseases and determine their progression. Advancements in the field are quite slow because current techniques for measuring cell and tissue mechanics rely on complex and bulky measurement platforms that have low repeatability rates and limited measurement time-scales. We present the first miniaturized system that allows accurate quantification of the Young's modulus of adherent cell monolayers over a longer time (1-2 days). Our approach is based on tensile testing and optical read-out.
Introduction
Within tissues and organs, individual cells actively interact with the surrounding extracellular matrix (ECM) and neighbouring cells through chemical exchange and mechanotransduction mechanisms. [1] [2] [3] Most of the physiological functions in everyday life such as breathing, muscle contraction, and blood circulation rely on the ability of single cells to collectively organize and sustain mechanical deformation. [4] [5] [6] Resistance to deformation is typically measured through the Young's modulus, whose specific value is determined by the physiological function 7, 8 and has been proven to be an effective biomarker in detecting diseases and their progression. [9] [10] [11] [12] Cell monolayers are the simplest tissues in the body and are useful systems to characterize collective cell behaviours, 13, 14 cell-cell interactions 15, 16 and collective mechanical response to deformation. 17 Within monolayers, cells undergo strong mechanical coupling with each other thus leading to active interactions among cells which are not simply the sum of individual responses. 18, 19 Cell monolayers play a critical role in the body from the embryogenesis stage as they drive the differentiation into organs. In adults, they contribute to maintaining homeostasis by acting as physical barriers to partition organs. 20, 21 Because of their specific interface location, cell monolayers stabilize tissues by sustaining external physiological stresses, for example stretching of the skin, peristaltic motion in the gastro-intestinal tract and urothelium stretching due to hydrostatic pressure. 22 The current understanding of cell monolayers was mainly obtained using cell stretching devices to study the morphological and biochemical responses of cell populations to cyclic dynamic loading over time. [23] [24] [25] [26] A main limitation of existing cell stretching devices is the inability to measure the Young's modulus of the cells. This measurement is very challenging because the substrate is much stiffer than the cell; the substrate has a
Young's modulus of the order of hundreds of kPa to a few MPa, [27] [28] [29] compared to the tens of kPa for cells, [30] [31] [32] and so the substrate dominates the mechanical response of the cell stretcher, masking the cell's contribution. 33, 34 The few approaches proposed up to now to easily decouple substrate and cell mechanical responses make use of outof-plane deformations of thin membranes 31, 35, 36 or the use of fully suspended cell monolayers. 30, 37, 38 In both cases, these methods use bulky and complex set-ups that come with limitations: difficulty in observing the sample when out-of-plane deformations are imposed, fragility, low repeatability and, in suspended cell monolayers, strong experimental time limitation.
In this work, we present the first miniaturized device for quantitative Young's modulus measurements of adherent cell monolayers in-plane and over time. We achieve this by careful design of the substrate in terms of its mechanical properties and geometry in order to obtain a clearly distinguishable mechanical response when cells are adhered to the substrate. Thanks to the compatibility with standard cell culture equipment and real-time monitoring of the sample, long time measurements are possible. Therefore, the proposed device opens new possibilities for more relevant investigation of cell mechanics.
Experimental

Device design and fabrication
The key requirements that our device needs to meet are: compatibility with cell culture standard protocols (sterilization and cytocompatibility), cell culture environment, and incubator conditions (high humidity and 37°C) as well as compatibility with real-time imaging of the sample (i.e. transparent materials). Also, the device should allow cell culture over at least 1-2 days and should ideally be compact and miniaturized not only for better manipulation but also for enabling measurement parallelization.
Our approach for measuring the mechanical properties of cell monolayers on-chip is shown in Fig. 1a . The device is composed of two parallel chambers separated by a 200 μm thick vertical wall. One chamber is dedicated to cell culture: it can be filled with liquid, it is easily accessible for pipetting and it hosts a horizontally suspended membrane where cells are cultured (Fig. S4 †) . The adjacent chamber is sealed and is connected to a vacuum pump. When negative pressure is applied in the right chamber, the middle thin wall deforms, thus stretching the membrane. In this configuration, the cells can be exposed to cyclic uniaxial tensile strain. When cells are cultured on the membrane, the overall rigidity of the composite (membrane with cells) is increased and thus affects the membrane deformation. The essential aspect to make cell mechanical properties measurable from the overall substrate mechanical response relies on the accurate choice of the membrane elasticity and thickness by choosing values similar to the ones expected from the cell layers. We use 5 μm thick membranes made of biomedical grade silicone MED4086 (Nusil™) with a Young's modulus of 27.8 ± 9.7 kPa (more detailed characterization in Fig. S3 †) . By doing this, the mechanical responses of the cell layer and the membrane are in the same order of magnitude and their individual mechanical contribution can be easily decoupled.
Unless otherwise stated, the engineering strain is reported as ε = ΔL/L0, where ΔL is the length change and L0 the original monolayer length. The core of our technology is the use of differential strain measurements between a region covered with cells and a bare region of the membrane. This allows measurement of the mechanical properties of the adherent cell layers by subtracting the effect of the membrane. As the membrane mechanical properties are characterized prior to cell experiments, the differential read-out allows a direct measure of the force exerted during the deformation to be obtained (Fig. 1a) .
Furthermore, using a differential approach makes the system independent of many variables (surface covered by the cells and pressure variations) that would otherwise significantly affect its precision. Considering that the force exerted on both regions is the same (eqn (1) ) and that the calibrated Fig. 1 (a) Design of the device allowing a cell monolayer to be cyclically stretched in-plane using pneumatic actuation and its mechanical properties to be measured. By measuring the strain of the bare and cell regions, and by knowing the mechanical properties of the membrane, one can extract the mechanical properties of the cell layer. (b) The device is made of two moulded silicone parts glued together with the suspended membrane in the middle using double sided tape and silicone glue. The device dimensions are designed such that only the suspended membrane and the interfacing wall are significantly deformed when low pressure is applied. The top and bottom parts of the device are firmly attached to glass coverslips to avoid their deformation.
sample and the membrane have the same width, the cell layer Young's modulus can therefore be measured as (see the ESI † for more details):
ε bare E bare t bare = ε composite E composite t composite (1)
The devices are fabricated using polydimethylsiloxane (PDMS) S186 (Dow Corning®) by a moulding technique, while the membrane is made by casting 39 and it is incorporated within two moulded pieces using silicone glue as shown in Fig. 1b . The final device fits standard cell culture dishes which are engineered with connectors for the negative pressure tube. The device is compatible with inverted microscopy as well as measurement within an incubator environment (Fig. 2a) . The sealed chamber of the device is connected to a pressure sensor (general fluid pressure sensor, PSE560 from SMC) and a pressure controller (electronic vacuum regulator, ITV009 from SMC) situated outside the incubator. Images of the samples during the deformation are acquired at a 10 frames per s rate (inverted microscope Etaluma™, LS460) and the strain is measured by a pattern recognition algorithm based on digital image correlation (DIC, developed using National Instruments, Vision Assistant). By tracking the membrane edges as well as the border between the bare and the cell regions, it is possible to quantify the strains of the whole membrane and the individual regions (bare and cell regions) over time.
Device characterization
The devices are characterized to obtain pressure versus strain curves, which represent the calibration curves specific to every device. This curve is used to determine the pressure to apply to obtain a desired membrane strain. We experimentally confirmed that for the same applied pressure, the strain is uniform in different regions of the membrane (Fig. 2b) . Although the device allows strains higher than 10% to be obtained, we used 5% strain for the Young's modulus measurements in order to minimize the possibility of inducing cell morphological modifications because of the applied strain.
We also investigated the device creep response. The obtained results show a stable response of the device over at least 30 minutes (Fig. 2c) . When the membrane is not present, the device has a very similar response with a higher strain for the same applied pressure, as expected. Because of the intrinsic viscoelasticity of PDMS, it is possible to observe that the strain does not instantaneously reach its maximum level after a change in pressure. A rising time of 3 seconds is needed before the strain reaches its maximum value. We validated our Young's modulus measurement approach by measuring samples of known elasticity in place of the cell layer (Fig. 2d) . Previously characterized thin PDMS membranes are attached to the suspended membrane inside the device and their Young's modulus is measured through the differential strain read-out method using eqn (3). The measured Young's modulus has been compared to the one measured using a commercial pull-test device (Single Column Universal Testing System, 3340 from Instron). As shown in Fig. 2d , the results from the two measurement methods agree very well, within the experimental uncertainty, validating our differential approach for elasticity measurements of thin cell layers.
Results & discussion
Cell patterning and adhesion to the membrane Two different cell lines have been measured using our device: sarcoma osteogenic cells (SaOS2) and kidney epithelial cells (MDCK II) (ATCC). In order to have cells only on a part of the membrane so that differential strains can be measured, we developed a patterning method. This protocol uses thin Mylar masks to achieve dual functionalization on the membrane surface (Fig. 3a) . As a result, cell adhesion is confined to half of the membrane. Both functionalizations have been found to have a negligible effect on the membrane mechanical properties. As cell adhesion to the membrane is an essential requirement for our measurement, we performed several validation tests. Confocal images of vinculin protein (Fig. 3b) show that cellular focal adhesions are evenly distributed on the PDMS surface, implying that the whole cell monolayer is tightly anchored to the membrane. No cell detachment due to the applied deformation was observed thanks to the low amount of strain and its limited duration. In general, the cell conformation on our suspended membranes did not exhibit a major difference from standard polystyrene cell culture dishes (Fig. S7 †) . We investigated the relation between the monolayer and cellular strain. For this, membranes fully covered with cells have been used to relate the strains of the membrane and strain on a single cell within the monolayer. Cellular strain was measured by tracking the cell border using the DIC algorithm. Cell strain was tightly distributed around the value of the imposed engineering strain throughout the membrane. The linear correlation between the monolayer and cellular strain in the direction parallel to actuation confirms that the membrane strain is transferred to the cells (Fig. 3c) . Also, we measured the cellular strain in the direction perpendicular to the actuation (Fig. 3d ) and found that cell strain was tightly distributed around zero, ε = −0.22% ± 0.24%. These results indicate that the cells deform uniaxially with the membrane and that the perpendicular deformation can be neglected. The out-of-plane motion of the membrane during the actuation was minimal. Cells remained in focus during the entire loading cycle up to 20× magnification, meaning that the out-of-plane displacement was smaller than 5 μm (objective's depth of field). Fig. 2 Experimental set-up and device characterization: (a) the device is placed in a physiological environment allowing long time experiments under sterile conditions. Negative pressure cycles are applied through a LabView interface to the device in order to stretch in-plane the membrane. Real-time optical images of the sample deformation are acquired and analysed to measure the strain versus time. (b) Calibration of each device is performed by measuring the strain versus pressure curve. In the reported graph, 2 cycles measured in different regions of the membrane are shown (centre and membrane sides), indicating the uniformity of the strain over the whole membrane. (c) Creep response of the device over 30 minutes shows the stability of the strain response. When the membrane is not present, the strain is higher for the same applied pressure because of the decreased rigidity. A zoom-in of the curve shows the rising time needed before the strain reaches its maximum value. (d) Picture and schematic representing the known-elasticity thin membranes that are used as calibration samples instead of the cells. The sample can be modelled as two springs in series, 42 one representing the bare membrane and the other one, the composite (in this case, the measurement membrane plus the known elasticity membrane). The measured values of the Young's modulus at 5% strain taken with our differential strain read-out are well within the experimental uncertainty and therefore validate our approach (measurement on 5 devices each) (s.b. = 2 mm).
The presented device is compatible with live fluorescence imaging. A live cell fluorescent dye (NucBlue, Thermo Fisher Scientific) was used to stain cell DNA and track the nuclei displacement during the stretching. Fig. 3e shows images of the nuclei on the membrane at 0%, 6% and 12% strain. The images were captured at 20× magnification to have a wide field of view; a higher magnification may be used (long working distance objectives). By representing the nuclei strains at 6% and 12% membrane strains, we observed that they undergo the same deformation as the membrane, giving another validation that the cells and the membrane deform together as a composite.
Cell monolayer mechanical response measurements
We performed measurements with cells to quantify their mechanical properties. The cells' presence on the membrane resulted in a lower strain of the cell covered region compared to the bare one because of the stiffening effect of cells. Fig. 4b shows that when the whole membrane strain is 4%, the individual strains are 5.5% for the bare region and 2.5% for the cell region. This result confirms that the membrane design allows measurement of the cell contribution to the mechanics of the composite. From the difference in strains, we calculate the Young's modulus of the cell layer using eqn (3). Cell thickness was measured from a z-stack over a large area of the cell monolayer (Fig. S1 †) .
A resulting 8 μm thickness was measured from averaging the different vertical cuts. The measured Young's moduli for the two cell lines are 72.9 ± 10.3 kPa for SaOS 2 and 23.3 ± 6.3 kPa for MDCK (Fig. 4d) . The Young's modulus of the cell monolayer was 15 and 30 times higher for SaOS2 and MDCK respectively than the elasticity of single cells measured with AFM. 40, 41 The lower Young's modulus obtained with AFM can be explained by the fact that only a local point on the single cell surface is measured through compressive strain and in the transversal direction while with our method we consider the global response of cells as a population and in the in-plane direction. Our results indicate therefore the big effect of Fig. 3 Cell results: (a) the selective functionalization procedure consists of a first incubation of fibronectin using a Mylar mask followed by a second incubation of Pluronic blocking the remaining surface. Cells only adhere to the half of the membrane where fibronectin functionalization is present. Picture of the microfluidic device placed in a 60 mm Petri-dish, zoom-in on the whole membrane and 5× magnification image of cells (here: sarcoma osteogenic cells, SaOS2) patterned on the surface after 5 hours of incubation and 3 washing steps. The suspended membrane has frames on both sides for easier imaging during the stretching. Validation of cell adhesion to the membrane: (b) focal adhesion immunostaining (Leica confocal microscope, 60× magnification) on MDCK adhering to the PDMS membrane used for the measurement (vinculin in red; DAPI in blue). Cells are well adhered to and spread on the surface; (c) cellular and whole monolayer strains are equal, indicating that the cells deform with the substrate. The strain is completely transferred from the membrane to the cells resulting in the same deformation for both; (d) the individual cell deformation happens in the same direction of the imposed strain and is almost zero in the transverse direction, confirming that the cells undergo uniaxial strain; (e) validation of cellular adhesion to the membrane: live cell fluorescence imaging of the nuclei during the actuation allows tracking of their displacement. We measure the nuclei relative displacement at 6% and 12% membrane strains through a DIC based pattern recognition algorithm (0.61 μm displacement resolution and ± 1% strain accuracy for images obtained with a 20× objective) and observe that the nuclei undergo the same strain imposed by the membrane.
anisotropy on cell mechanics as well as the cruciality of cellcell contacts in the overall mechanical properties.
In addition, we investigated the creep response of the cell monolayer. We observed an initial rising time followed by stabilization. By observing the normalized response of the cell and bare regions over the first 30 seconds after imposing the deformation, it is possible to clearly distinguish between the time constants of the cell region and the bare region (Fig. 4c) . These curves can be fitted with a Kelvin-Voigt model, as typically done for viscoelastic material creep response modeling. 32, 43, 44 We chose to use this model with two time-constants. The results, summarized in Fig. 4e , show a clear difference between the bare region and the cell region in terms of viscoelasticity. The cell region has both time constants higher than the bare region, in particular, τ 1 is around three times higher and τ 2 two times higher. The cell mechanics is therefore also measurable on our device in terms of their higher viscoelastic properties with respect to the substrate.
Measuring cell monolayer elasticity changes over time
Cell elasticity is known to change at different stages of several diseases. 32 Measuring these changes in elasticity is therefore of great interest because of the applications in diagnosis and drug screening. In order to measure the Young's modulus variation of the MDCK cell population, we used chemical treatments to induce known modifications in the cell layer structure. The experimental procedure consists of comparing the Young's modulus before and after treatment on the same device (control experiments under the same conditions but without cells show that the chemicals themselves do not affect the membrane mechanical properties, as shown in Fig. S6 †) . To simulate an increase in cell stiffness, cells were incubated with 4% glutaraldehyde, a chemical that is normally used to fix cells and is known for its stiffening effect without altering the cell shape morphology and internal structure. 45 Cells treated with glutaraldehyde showed an increase in the Young's modulus of more than 10-fold, with a final value of 249.6 ± 31.0 kPa, which was easily measured by our device (Fig. 5a ). We then investigated the contribution of cellular junctions by treating the cell monolayer with ethylenediaminetetraacetic acid (EDTA), a chemical that disrupts cell-cell tight junctions. The choice of the EDTA treatment incubation time was made by comparing confocal images of the tight junctions at 0 minutes, 30 minutes and 1 hour (Fig. S5 †) .
After 1 hour of incubation, the junctions are almost completely disrupted in comparison to the control sample (Fig. 5c) , however, the cells were still adhered to the substrate. The modification of the tight junctions led to a 4-fold decrease of the measured Young's modulus to 6.86 ± 3.27 kPa (Fig. 5b) , indicating the importance of tight junctions in the mechanical stability of the monolayer.
Our device allows measurement of both an increase and decrease in cell elasticity due to chemical modification by targeting a known protein in the cell layer. The results obtained with EDTA and softening of the monolayer because of cell junction rupture prove the importance of cell-cell proteins to the mechanical stability of cell layers. This further highlights the relevance of measuring cells within a higher structural level than single cells.
Materials and methods
Device fabrication and assembly
Sylgard 186 (Dow Corning®) was mixed in a 1 : 10 ratio and cured inside custom Teflon moulds to reproduce the bottom and top parts of the device. Suspended membranes of 2 mm × 6 mm, made of biomedical grade silicone MED4086 (Nusil™), were fabricated using a previously published casting method. 24 The membranes were pre-stretched (λ = 1.5) to avoid the loss of mechanical tension during the actuation; their thickness and Young's modulus were measured through a custom-made interferometer and pull-test set-up respectively. Double-sided tape and silicone glue (RTV, roomtemperature-vulcanizing silicone, E43 from Elastosil) were used to assemble and seal the device. Glass slides were glued to both the bottom and top parts of the device for stiffening purposes and thus avoid their deformation.
Device measurement procedure
All measurements are performed in liquid and inside the incubator after a 30 minute conditioning time to let the device and liquid adapt to the temperature and humidity. A first conditioning loading cycle is performed to let the sample adapt to the mechanical deformation. The cells are then measured by deforming them through three consecutive pressure cycles. The applied pressure is chosen after a sample calibration to reach a membrane strain of around 5%. Each cycle consists of a pressure step followed by 30 seconds of constant pressure and then by another step to return to the initial position. The Young's moduli obtained at constant strain over the 3 cycles are then averaged. Pictures are continuously taken during the cycles at 10 frames per s.
Cell culture on device
A fibronectin solution (50 mg ml −1 in HEPES 10 mM) was incubated on the membrane using a Mylar mask (12 μm thick, from DuPont) for 1 hour. The mask was carefully placed on the membrane and peeled off after the fibronectin incubation without causing any damage to the suspended PDMS. The surface was blocked with a 4% Pluronic solution in DI water for 1 hour. Cells were seeded on the membrane in a concentration of 250 000 cells per ml and left to adhere for 2 hours. The membrane surface was then washed to remove non-adherent cells in the area functionalized with Pluronic. The cell culture chamber of the device was filled with medium and left to rest for at least 5 hours in a biological incubator.
Cell elasticity modification protocols
Cell stiffening was achieved by 4 minutes of cell incubation with 4% glutaraldehyde followed by three washes in PBS. The removal of tight junction proteins was accomplished by incubating with 3 mM EDTA in serum-free cell medium for 1 hour.
Conclusion
We presented a miniaturized cell stretcher device able to determine Young's modulus changes on adherent cell monolayers. By designing the cell substrate with similar mechanical properties to the ones expected from the cell layer, we can decouple the mechanical responses of the two. This allows measurements on cells that are not only mechanically coupled among each other but also with a substrate, thus recreating similar conditions to those inside the body. By performing a differential strain read-out between the bare and cell-covered substrate regions, we can have a direct measure of both the force exerted to the substrate and the consequent deformation without the need of a bulky set-up. This measurement method is implemented within a compact fluidic device using pneumatic actuation to deform the substrate and cells. Our transparent device can be mounted on an inverted microscope for real-time monitoring of the sample. Also, the device can fit standard Petri-dishes thus allowing measurements inside the incubator in a sterile and physiological environment. We validate the device performance on two confluent cell monolayers, SaOS2 and MDCK, by stretching them between 0% and 5% strain at 0.025 Hz while acquiring pictures at 10 frames per s. The deformations of the two regions were measured by digital image correlation analysis of the pictures. Results showed a 50% higher strain in the bare region compared to the region covered with cells when subjected to the same force, thus demonstrating the capability to decouple the mechanical properties of cells from the substrate ones. We demonstrate accurate Young's modulus measurements within 3 kPa and 300 kPa; this range is mainly limited by the optical resolution when the sample is very soft while it has no limitation for stiffer samples.
